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ABSTRACT 


Investigators  have  suggested  generalized  hypothalamic  dysfunction 
in  patients  with  anorexia  nervosa.  In  order  to  test  this  hypothesis, 
five  female  outpatients  with  anorexia  nervosa  and  five  female  control 
subjects  exercised  at  an  intensity  between  40  and  50%  maximal  aerobic 
power  (VO^  max)  for  20  minutes  on  a  cycle  ergometer  in  an  ambient 
temperature  (T  )  of  33°C,  and  water  vapor  pressure  of  approximately 

ci 

15  Torr.  Metabolic  rates  and  respiratory  exchange  ratios  did  not 

differ  between  the  two  groups;  mean  VO^  for  the  control  group  was  3.0 

ml'min  ^’kg  ^  at  rest  and  22.6  ml'min  ^'kg  ^  at  15  minutes  of  exercise, 

and  was  3.2  ml'min  ^*kg  ^  and  19.0  ml'min  ^ 'kg  ^  at  15  minutes  of 

exercise  for  the  anorectic  group.  The  internal  temperature  (T  ) 

0  s 

threshold  for  cutaneous  vasodilation  was  elevated  by  0.43°C  in  the 

anorectic  group;  vasodilation  threshold  T  was  36.91°C  for  the  control 

es 

group.  However,  the  slope  of  the  forearm  blood  flow  (BF) :  T  rela- 

es 

tionship  was  unchanged;  the  mean  slope  was  20.8  ±3.4  (SE)  for  the 
controls  and  was  13.2  ±1.7  for  the  anorectic  group.  Mean  BF  and  steady 
state  BF  was  reduced  by  approximately  50%  in  the  anorectic  patients. 
Patients  with  anorexia  nervosa  thermoregulate ,  and  the  sensitivity  of 
the  peripheral  thermoregulatory  sensors  is  unchanged.  The  thermoreg¬ 
ulatory  responses  of  the  anorectic  patients  are  similar  to  those  of 
hypovolemic  subjects. 

Mean  percent  body  fat  for  five  female  anorectic  patients  was  6.9% 
by  the  skinfold  thickness  method  and  was  11.8%  by  body  density  deter¬ 
mination.  The  skinfold  thickness  method  is  preferred,  although  it 
underestimates  the  true  percent  body  fat  since  it  does  not  measure 


"deep"  fat  deposits  nor  fat  amassed  in  breast  tissue  or  in  the  gluteal 


region.  The  body  density  method  is  more  cumbersome,  and  is  affected  by 
the  gas  volume  in  the  gastrointestinal  tract,  the  ability  to  maximally 
exhale  when  fully  submerged,  and  the  effects  of  starvation  on  muscle 
and  bone  mass. 


INTRODUCTION 


Early  Descriptions: 

The  first  medical  description  of  anorexia  nervosa,  dated  1689,  has 
been  attributed  to  Richard  Morton  (10,46) .  In  Phthisiologica :  or  a 
Treatise  of  Consumption,  Morton  describes  a  young  woman  who: 

In  the  month  of  July  she  fell  into  a  total  suppression  of  her 
Monthly  Courses  from  a  multitude  of  Cares  and  Passions  of  her 
Mind,  but  without  any  symptoms  of  the  Green-Sickness  following 
upon  it.  From  which  time  her  Appetite  began  to  abate  and  her 
Digestion  to  be  bad,  her  flesh  also  began  to  be  flaccid  and  loose, 
and  her  looks  pale... she  was  wont  by  her  studying  at  Night,  and 
continual  pouring  upon  Books,  to  expose  herself  upon  Day  and 
Night  to  the  injuries  of  the  Air... I  do  not  remember  that  I  did 
ever  in  all  my  practice  see  one,  that  was  conversant  with  the 
Living  so  much  wasted  with  the  greatest  degree  of  Consumption 
(like  a  Skeleton  only  clad  with  Skin)  yet  there  was  no  Fever,  but 
on  the  contrary  a  coldness  of  the  Whole  Body .... (10,46) 

Sir  William  Gull  described  the  disease  as  "hysteric  apepsia"  in 
1868  (34),  "anorexia  hysterica"  in  1873  (35)  and  finally  in  1874  (36) 
he  called  it  "anorexia  nervosa".  In  1888,  Gull  (37)  described  the 
symptoms  of  the  disorder:  emaciation  associated  with  amenorrhea; 
constipation;  loss  of  appetite;  slow  pulse  and  respiration;  absence  of 
somatic  pathology;  and  persistent  activity.  Gull  believed  that  the 
"origin  is  central  and  not  peripheral.  That  mental  states  may  destroy 
appetite  is  notorious."  Concurrent  with  Gull’s  publications  were  those 
of  Charles  Las&que  who  called  the  disorder  "anorexie  hysterique".  In 
contrast  to  Gull's  description  of  a  "central  origin",  Lasfeque  preferred 
a  "peripheral  origin",  initiated,  for  example,  by  an  hysterical  dis¬ 
turbance  such  as  vomiting  or  abdominal  pain. 

The  classical  psychoanalytic  theory  of  anorexia  nervosa  involves 
the  expression  of  a  sexual  conflict — "oral  impregnation"  fantasies — as 
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described  by  Waller,  Kaufman,  and  Deutsch  in  1940  (75): 

The  wish  to  be  impregnated  through  the  mouth,  which  results  at 
times  in  compulsive  eating,  and  at  other  times,  in  guilt  and 
consequent  rejection  of  food,  the  constipation  of  symbolizing  the 
child  in  the  abdomen  and  the  amenorrhea  as  direct  psychological 
repercussion  of  pregnancy  fantasies.  This  amenorrhea  may  also  be 
part  of  the  direct  denial  of  genital  sexuality  (20,41,52,61). 

Other  psychoanalysts  stress  the  importance  of  the  patient's  personality, 
life  style,  ego  functions,  and  interpersonal  relations.  The  stereo¬ 
typic  patient  with  anorexia  nervosa  is  often  from  an  upper  middle 
income  family  which  is  achievement  oriented  and  superficially  is  "free" 
of  problems  or  conflicts.  The  parents,  however,  are  usually  unfulfilled 
as  a  couple  and  seek  fulfillment  as  individuals;  for  example,  the  mother 
through  her  children  or  the  father  through  his  career,  and  the  child  is 
wedged  in  between  them  as  a  buffer.  Communication  between  family 
members  is  mundane  and  may  center  around  food,  weight,  or  physical 
appearance.  One  parent  may  become  controlling,  unaware  of  the  child's 
individuality,  and  fearful  of  the  separation  which  adolescence  heralds. 
The  child  becomes  achievement  oriented  and  her  self-image  becomes 
dependent  on  external  approval;  self-determination  and  self-control  do 
not  develop  to  their  potential.  During  adolescence,  increased  friction 
between  parents,  illness  or  death  of  a  relative  may  initiate  the  dis¬ 
order.  An  "ordinary"  diet  which  has  external  approval  becomes  the 
patient's  method  of  achieving  self-determination  and  self-control. 

Diagnosis  and  Assessment: 

Bruch  found  the  classical  psychoanalytic  explanations  of  anorexia 
nervosa  and  the  tendency  towards  fitting  anorexia  nervosa  into  one  of 
the  contemporary  psychiatric  diagnostic  categories  to  be  inadequate  and 
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therefore,  she  studied  the  patients’  perceptual  and  conceptual  dis¬ 
turbances  (11,12).  She  classified  three  areas  of  disordered  psycho¬ 
logical  functioning:  1)  a  disturbance  of  delusional  proportions  in 
the  body  image  and  body  concept,  with  absence  of  concern  and  denial 
of  thinness  being  pathognomonic;  2)  a  disturbance  in  the  accuracy  of 
perception  or  cognitive  interpretation  of  stimuli  arising  in  the  body, 
expressed  for  example  as,  "I  do  not  need  to  eat",  decreased  food  intake, 
self-induced  vomiting,  bulimia,  or  overactivity  and  a  denial  of  fatigue 
despite  the  lassitude,  fatigue,  and  avoidance  of  activity  found  in 
undernutrition  and  chronic  food  deprivation;  and  3)  a  paralyzing  sense 
of  ineffectiveness  which  pervades  all  thinking  and  activities.  This 
last  symptom,  the  sense  of  ineffectiveness,  may  be  the  crux  of  the 
disorder,  hence  much  emphasis  has  been  placed  on  this  in  psychotherapy 
(10,13). 

Bruch  also  differentiates  "atypical"  anorexia  nervosa  and 
"psychogenic  malnutrition"  from  "primary"  anorexia  nervosa  (10,12). 
Psychogenic  malnutrition  is  secondary  to  a  number  of  disorders  such  as 
chronic  schizophrenic  reaction,  acute  catatonic  schizophrenia,  mental 
retardation,  schizophrenic  disorganization,  and  depression.  Patients 
with  atypical  anorexia  nervosa  are  concerned  with  their  inability  to 
eat  (secondary  to  symbolic  misinterpretations) ,  complain  about  their 
weight  loss,  and  do  not  pursue  thinness  except  for  coercive  purposes  or 
a  desire  to  retain  the  sick  or  dependent  role.  This  is  in  sharp  con¬ 
trast  with  the  independent  role  which  is  sought  by  the  patient  with 
primary  anorexia  nervosa,  the  hallmarks  of  which  have  been  aforemen¬ 
tioned.  The  age  of  onset  is  not  always  easy  to  establish,  but  the 
patients  with  atypical  anorexia  nervosa  are  older,  i . e . ,  in  their 
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twenties.  On  the  other  hand,  primary  anorexia  nervosa  affects 
adolescents,  the  majority  of  whom  are  female. 

The  third  edition  of  the  Diagnostic  and  Statistical  Manual  of 
Mental  Disorders  (DSM-III)  estimates  that  the  disorder  affects  1  in  250 


females  between  the  ages  of  12  and  18  years  (high-risk  age  group)  and 
estimates  that  95%  of  affected  individuals  are  female  (1).  The 
diagnostic  criteria  (Table  I)  suggested  by  Feighner,  et  al .  (24),  in 
1972  are  more  comprehensive  than  those  listed  in  DSM-III  and  are  used 


by  a  number  of  investigators  (38,67,72,81). 


TABLE  1 .  Diagnostic  Criteria  for  Anorexia  Nervosa 


Age  of  onset  before  25  years  of  age 

Anorexia  with  accompanying  weight  loss  of  at  least  25%  of  original 
body  weight 

A  distorted  attitude  towards  eating,  food,  or  weight  that  over¬ 
rides  hunger,  admonitions,  reassurances,  or  threats  with: 
Denial  of  illness 
Enjoyment  in  weight  loss 
A  desired  body  image  of  thinness 
Unusual  hoarding  or  handling  of  food 
No  known  medical  illness  that  could  account  for  the  weight  loss 
No  other  known  psychiatric  disorder 
At  least  two  of  the  following: 

Amenorrhea 

Bradycardia:  resting  pulse  of  60  or  less 

Episodes  of  bulimia 

Emesis  (may  be  self-induced) 

Lanugo 

Periods  of  overactivity 


Anyan  (2)  assesses  the  patient's  physical  losses  by  determining  a 

weight  score  which  is  a  comparison  between  body  weight  and  expected 

i  t,  j  Body  weight  x  100  _  .  ,  .  ,  , 

lean  body  mass:  - pyp'p'r°p^'  — •  In  girls,  expected  lean  body  mass 

is  calculated  from  height  using  the  following  equation:  expected 

LBM  =  2.06  e  height  which  LBM  is  in  kilograms  and  height  is 

in  centimeters  (27).  In  adolescent  girls,  the  weight  score  is  usually 

in  the  range  between  119  and  138.  When  the  weight  scores  are  above  the 
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range  of  90  to  100,  adipose  stores  are  present.  Patients  with  lower 
weight  scores  have  a  loss  of  lean  body  mass  and  there  is  depletion  of 
the  body's  adipose  tissue.  Caliper  measurements  of  skinfold  thick¬ 
nesses  at  the  triceps,  subscapular,  pectoral,  umbilical,  iliac,  and 


thigh  regions  are  used  to  predict  the  percentage  of  fat  in  the  body: 
Sum  of  6  skinfolds  (mm)  -  8  mm  ...  ,  0 

- — ; - — - 7: — r -  x  11.5,  where  8  mm  is  a  correction 

Body  weight  (kg) 

factor  for  epidermal  and  dermal  thicknesses.  The  range  for  nonobese 


girls  is  between  1.25  and  2.00  mm/kg  (2).  Stonehill  and  Nunnerley  (70) 
compared  skin  thickness  (measured  radiographically)  with  skinfold 
thickness  (measured  with  calipers)  in  patients  with  anorexia  nervosa 
both  pre-  and  post-treatment.  They  found  that  skin  thickness  did  not 
change,  but  there  was  a  significant  increase  in  skinfold  thickness  post¬ 
treatment,  reflecting  the  increase  in  subcutaneous  fat  with  weight  gain. 
Progressive  loss  of  muscle  mass  can  be  followed  with  measurements  of 
upper  arm  and  thigh  circumferences  (2). 


Physiology  of  Anorexia  Nervosa: 

Numerous  etiologies  of  anorexia  nervosa  have  been  proposed, 
including  lesions  of  the  pituitary  (Simmond's  disease,  first  reported 
in  1914) ,  hence  the  rationale  for  treatment  with  pituitary  gland 
extracts  (18).  In  1930,  Berkman  reported  low  basal  metabolic  rate 
despite  intact  thyroid  functioning.  He  described  anorexia  nervosa  as 
a  physiologic  disorder  secondary  to  a  psychologic  disorder  in  which 
pituitary  insufficiency  was  secondary  to  a  starved  state  and  was 
reversible  (5) .  Other  findings  associated  with  anorexia  nervosa  which 
are  suggestive  of  hypothyroidism  include  constipation,  dry  skin,  brady¬ 
cardia,  cold  sensitivity,  hypercholesterolemia,  and  hypercarotenemia . 
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Miyai,  et  al .  (54),  using  radioimmunoassay  techniques,  measured 
thyroxine  (T^)  and  triiodothyronine  (T^)  concentrations  in  the  low 
normal  range  in  patients  with  anorexia  nervosa;  however,  others  (55,67) 
have  reported  lower  than  normal  levels  of  T^.  Thyrotropin  (TSH)  levels 
are  considered  to  be  normal  (54,55,67);  hence,  low  levels  may  not  be 

perceived  by  the  hypothalamus  as  a  hypothyroid  state.  Boyar  (7)  re¬ 
ported  normal  to  elevated  concentrations  of  free  thyroxine  and 
suggested  that  the  normal  TSH  may  be  appropriate  for  the  level  of 
"biologically  active"  thyroid  hormone.  Low  T^  levels  unassociated 
with  elevation  of  TSH  concentrations  have  been  found  in  the  chronically 
ill  (19)  and  with  starvation  (71),  and  may  reflect  regulation  by  meta¬ 
bolic  demands  and  caloric  deprivation.  It  is  believed  that  the  low  T^ 
concentration  is  secondary  to  decreased  peripheral  conversion  of  T^  to 
T^,  and/or  to  increased  conversion  of  T^  to  reverse  T^.  The  normal  TSH 
concentration  suggests  that  glandular  secretion  is  normal  (14). 

Moshang  and  Utiger  (56)  maintain  that  patients  with  anorexia  nervosa 
are  euthyroid,  and  that  low  T^  concentrations  and  the  "hypometabolic 
state"  reflect  a  "homeostatic  protective  adjustment  at  the  cellular 
level". 

Cortisol  levels  have  been  measured  by  Warren  and  Vande  Wiele  (77) 
who  demonstrated  high  plasma  corticoids,  low  urinary  17-ketosteroids 
and  17-ketogenic  steroids,  and  abnormal  circadian  secretory  patterns 
for  cortisol.  This  is  in  contrast  with  Boyar,  et  al . ,  who  found  normal 
circadian  secretory  patterns  (8)  and  later  pointed  out  the  necessity  of 
multiple  samplings  in  order  to  make  conclusions  regarding  circadian 
rhythms  (7).  High  plasma  cortisol  may  be  explained  by  abnormalities  in 
cortisol  binding  capacity  (17).  Mecklenburg,  et  al.  (50)  evaluated 
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cortisol  response  to  pyrogen  or  insulin-induced  hypoglycemia  and 
concluded  that  the  hypothalamic-pituitary-adrenal  axis  was  intact. 

Another  prominent  finding  in  anorexia  nervosa  is  amenorrhea, 
either  primary  or  secondary,  and  this  has  led  several  investigators 
to  study  gonadotropin  secretion.  Boyar,  et  al.  (9)  studied  nine 
patients  with  anorexia  nervosa,  six  of  whom  had  secondary  amenorrhea 
and  three  of  whom  had  primary  amenorrhea,  and  measured  plasma  lutein¬ 
izing  hormone  (LH)  concentrations  at  20-minute  intervals  for  24  hours. 
Eight  of  the  nine  demonstrated  LH  secretory  patterns  which  were  similar 
to  those  of  prepubertal  or  premenarcheal  girls.  They  suggested  that  a 
"regression"  of  LH  secretory  patterns  occurs  with  secondary  amenorrhea 
and  that  an  "arrest"  occurs  with  primary  amenorrhea.  Marshall  and 
Fraser  (49)  reported  low  plasma  LH  levels  which  were  unresponsive  to 
clomiphene  citrate  (Clomid)  until  weight  gain  was  achieved.  This  may 
not  be  an  indication  of  pituitary  dysfunction,  but  may  merely  reflect 
the  observation  that  responsiveness  to  clomiphene  citrate  is  acquired 
during  middle  to  late  puberty;  hence,  clomiphene  citrate  should  not  be 
used  to  treat  patients  with  anorexia  nervosa.  Mecklenburg,  et  al .  (50) 
infused  LH  releasing  hormone  (LHRH)  in  five  patients  with  anorexia 
nervosa  and  found  variable  but  normal  LH  and  follicle  stimulating 
hormone  (FSH)  responses  in  four  of  the  patients,  hence  suggesting  that 
pituitary  gonadotropin  synthesis  and  release  were  intact.  Vigersky, 
et  al .  (73)  infused  10  yg  synthetic  LH  releasing  factor  (LRF)  in  girls 
with  anorexia  nervosa,  simple  weight  loss,  or  normal  weight,  and  found 
similar  peak  LH  responses.  These  peak  LH  responses  were  delayed  in  the 
anorectic  and  simple  weight  loss  groups.  Peak  FSH  responses  were 
greater  in  the  underweight  groups  and  response  was  delayed  only  in  the 
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anorectic  group.  Hypothalamic  dysfunction  was  suggested  as  an  explana¬ 
tion  for  the  delayed  release  of  LH  and  FSH.  This  is  in  sharp  contrast 
with  Warren,  et  al .  (77)  and  Sherman,  et  al.  (68)  who  used  younger 
subjects  and  larger  doses  of  LHRH.  Warren,  et  al.  found  that  50  yg 
LHRH  infusions  had  minimal  or  no  responses,  but  that  secretion  of  LH  and 
FSH  in  response  to  LHRH  infusions  became  normal  after  weight  gain. 
Sherman,  et  al.  used  100  yg  intramuscular  injections  of  synthetic 
gonadotropin-releasing  hormone  (GnRH)  in  anorectic  patients  before, 
during,  and  after  weight  gain.  When  the  patients  were  53-64%  of  ideal 
body  weight  (IBW),  the  LH  response  but  not  the  FSH  response  was 
impaired.  At  79-88%  of  IBW,  the  LH  response  had  improved  but  was  still 
less  than  normal.  Following  maintenance  of  weight  at  90-94%  of  IBW, 
the  LH  response  was  not  significantly  different  from  those  of  normal 
weight  controls.  They  suggested  that  during  malnutrition,  there  was 
either  a  decrease  in  the  synthesis  and/or  storage  of  LH  but  not  FSH 
secondary  to  independent  regulation  of  the  hormones,  or  differential 
sensitivities  of  the  controlling  mechanisms.  Boyar  (9)  found  that 
return  to  normal  weight  reverses  the  "regression"  of  LH  secretory 
patterns . 

Frisch  and  Revelle  (31)  hypothesize  that  a  critical  body  weight 

triggers  menarche  by  changing  the  metabolic  rate  which  results  in 

decreased  estrogen  sensitivity  by  the  hypothalamus.  This  in  turn  resets 

the  production  level  of  gonadotropins  and  gonadal  hormones  for  adequate 

amounts  to  initiate  menarche.  Malnutrition  can  delay  menarche  (32). 

Amenorrhea  may  result  from  chronic  undemutrition  but  normal  menstrual 

function  may  be  restored  following  weight  gain  (43).  Frisch  and 

TW 

colleagues  (30,33)  have  determined  an  index  of  fatness:  — — %  or  a 

BW  t 
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"lean-fat  ratio",  where  =-—%  =  (100  -  %  fat)  0.72  and  TW  =  total  weight 

dW  l 


and  BWt  =  body  weight.  Resumption  and  maintenance  of  menstrual  cycles 
in  women  greater  than  16  years  of  age  requires  an  index  of  fatness  of 
56.1%  which  approximates  22%  of  the  body  weight  as  fat,  and  is  approxi¬ 
mately  10%  heavier  than  the  minimal  weight  for  same  height  observed  at 
menarche . 

Warren  (76)  studied  the  effects  of  exercise  on  menarche  and 
reproductive  function  in  girls.  She  found  that  menarche  was  delayed 
in  13  ballet  dancers  whose  mean  body  weight  and  calculated  body  fat 
were  less  than  those  of  control  subjects.  Eleven  of  the  13  dancers 
developed  secondary  amenorrhea  of  at  least  6  months  duration  which 
could  not  be  attributed  solely  to  weight,  as  they  had  percent  body  fat 
and  mean  weight  within  the  range  required  for  normal  menstrual  function 
as  established  by  Frisch.  Warren  concluded  that  exercise  constitutes 
an  energy  drain  and  can  modulate  body  composition.  Amenorrhea  may  be 
induced  by  the  combined  effects  of  this  energy  drain  and  dietary 
restrictions.  Frisch,  et  al.  (33)  confirmed  Warren’s  findings  of 
delayed  menarche  and  an  increased  incidence  of  secondary  amenorrhea  in 
ballet  dancers  secondary  to  their  being  below  a  critical  body  weight. 
This  has  also  been  demonstrated  in  swimmers  and  runners  (23,29).  Warren 
(76)  suggested  that  delayed  menarche  and  secondary  amenorrhea  are  not 
entirely  stress-related  and  cited,  as  examples,  normal  weight  musicians 
who  are  training  for  professional  careers. 

Hypothalamic  Dysfunction  and  Thermoregulation  in  Anorexia  Nervosa: 

In  1974,  Mecklenburg,  et  al.  (50),  postulated  hypothalamic  dysfunc¬ 
tion  in  the  pathogenesis  of  anorexia  nervosa  although  its  sequential 
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relation  with  psychic  stress  and  starvation  could  not  be  determined. 
Mecklenburg,  et  al.  evaluated  the  hypothalamus  using  water  conservation 
and  thermoregulation  as  illustrative  examples  in  five  women  with 
anorexia  nervosa  whose  ages  ranged  from  19  to  43  years  old,  and  the 
duration  of  the  disease  ranged  from  lh  to  21  years.  Water  conservation 
was  assessed  by  dehydrating  the  patient  for  15  hours  in  four  of  the 
five  patients,  and  11  hours  in  one  of  the  patients.  Maximal  urinary 
osmolalities  after  dehydration  ranged  from  387  to  820  mOsm/1  with  serum 
osmolalities  ranging  between  285  and  295  mOsm/1.  Aqueous  vasopressin 
(5  Units)  was  administered  subcutaneously  and  urinary  osmolalities 
ranged  from  573  to  737  mOsm/1;  the  percent  increases  ranged  from  13.1 
to  48.1  and  were  interpreted  as  partial  diabetes  insipidus  in  four  of 
the  five  patients.  These  results  would  have  been  better  interpreted 
if  the  predehydration  urine  and  serum  osmolalities,  24-hour  urine 
volumes,  and  urine  specific  gravities  pre-  and  post-dehydration  and 
after  vasopressin  administration  had  been  obtained.  Mecklenburg,  et  al. 
followed  the  protocol  of  Miller,  et  al.  (51),  who  pointed  out  that 
tests  in  which  the  dehydration  period  is  predetermined  are  subject  to 
erroneous  interpretation  since  the  urine  osmolality  may  not  have 
reached  a  plateau  prior  to  vasopressin  injection.  This  frequently 
happens  in  patients  with  primary  polydipsia  who  are  overhydrated. 
Overhydration  in  patients  with  anorexia  nervosa  could  occur  in  their 
attempts  to  hide  weight  loss.  Fohlin  (25)  was  unable  to  demonstrate 
any  increase  in  maximal  urinary  osmolalities  after  administration  of 
vasopressin;  hence  the  abnormality  may  not  be  hypothalamic  as  proposed 
by  Mecklenburg,  but  renal. 

Mecklenburg,  et  al.  (50)  also  studied  thermoregulation  by  placing 
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subjects  in  the  cold  (10°C)  and  in  the  heat  (49°C).  Core  temperature 
was  measured  at  one-minute  intervals  using  a  rectal  thermistor  probe, 
and  sweat  rate  was  monitored  by  weight  loss.  The  five  patients  with 
anorexia  nervosa  did  not  demonstrate  the  paradoxical  response  to  cold 
by  increasing  their  core  temperature,  i.e.,  via  peripheral  vasocon¬ 
striction  and  shivering;  all  had  decreases  in  core  temperature  which 
did  not  stabilize,  and  none  shivered  detectably.  In  the  heat,  the 
patients  stored  greater  amounts  of  heat.  Four  of  the  five  patients 
with  anorexia  nervosa  had  normal  sweat  rates,  however. 

Jdquier  (40),  using  direct  calorimetry  and  thermometry,  demon¬ 
strated  that  women  with  anorexia  nervosa  had  lower  heat  losses  per 
square  meter  of  body  surface  area  and  a  higher  thermal  body  insulation 
than  women  of  normal  weight  in  ambient  temperatures  of  20°  and  28°C. 

The  body's  thermal  insulation  is  influenced  by  the  amount  of  subcu¬ 
taneous  fat  and  the  rate  of  subcutaneous  (sic.)  blood  flow.  In 
patients  with  anorexia  nervosa,  the  subcutaneous  fat  insulation  is 
lower,  but  the  vasoconstriction  insulation  is  greater.  The  largest 
insulation  is  seen  at  28°C,  secondary  to  intense  vasoconstriction  in 
the  subcutaneous  tissues.  Luck  and  Wakeling  (48)  have  proposed  that 
increased  cutaneous  vasoreactivity  to  the  cold  is  augmented  by  local 
sympathetic  vasomotor  activity  and  is  unrelated  to  increased  blood 
viscosity  as  seen  in  Raynaud's  phenomenon.  They  did  not,  however,  find 
maximal  vasoconstriction  at  28°C. 

J^quier's  findings  could  explain  Mecklenburg's  (50)  demonstration 
of  the  absence  of  a  paradoxical  increase  in  core  temperature  when 
patients  with  anorexia  nervosa  are  exposed  to  the  cold;  the  patients 
are  maximally  vasoconstricted  at  28°C  and  despite  lower  heat  losses  per 
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square  meter  of  body  surface  area  than  controls  at  20°C,  they  may  be 
unable  to  maintain  a  high  body  core  temperature.  In  addition,  the 
absence  of  shivering  may  be  an  adaptive  strategy,  as  shivering  thermo¬ 
genesis  is  metabolically  expensive  (40,66)  and  anorexia  nervosa 
patients  do  not  have  a  large  fuel  reserve  from  which  to  draw. 

Wakeling  and  Russell  (74)  studied  the  effects  of  immersing  one  arm 
up  to  the  elbow  in  a  water  bath  heated  to  45°C  on  oral  (sublingual) 
temperature  and  peripheral  skin  (finger)  temperature  of  the  other  arm 
in  eleven  patients  with  anorexia  nervosa.  The  ambient  temperature  was 
between  20  and  21°C.  The  heat  stimulus  was  expected  to  increase  the 
central  (oral)  temperature  followed  by  a  compensatory  peripheral  vaso- 
dilatory  response.  Resting  oral  temperatures  were  significantly  lower 
in  the  patients  (mean  36.1°C)  than  in  the  controls  (37.05°C).  Peri¬ 
pheral  vasodilation  was  assumed  to  commence  when  the  skin  temperature 
increased  0.5°C  from  its  baseline;  at  33°C  skin  temperature,  there  was 
a  plateau  in  the  rate  of  rising  peripheral  skin  temperature  in  response 
to  the  heat  stimulus  in  the  control  subjects.  Onset  of  vasodilation 
was  delayed  and  occurred  at  a  higher  oral  temperature  (37.5°C)  in  the 
patients  than  in  the  controls  (37.25°C),  and  the  vasodilatory  response 
was  slower.  When  the  patients  regained  approximately  90%  of  their 
"standard  weight",  their  resting  oral  temperatures  were  still  signifi¬ 
cantly  lower  (36.7°C)  than  the  controls  (37.05°C),  but  the  temperature 
at  which  vasodilation  occurred  was  not  significantly  different  from  the 
controls.  They  concluded  that  the  thermoregulatory  mechanisms  were 
markedly  impaired,  i . e . ,  there  was  decreased  sensitivity  to  a  heat 
stimulus,  when  the  patients  were  severely  malnourished.  However,  with 
an  ambient  temperature  of  approximately  20°C,  the  patients  are  vasocon- 
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stricted  to  increase  their  thermal  body  insulation  (40)  and  it  is 
unlikely  that  the  heat  stimulus  of  forearm  immersion  is  a  large  enough 
stress  to  cause  peripheral  vasodilation  except  at  a  slow  rate  and  at  a 
higher  core  temperature. 

Luck  and  Wakeling  (47)  modified  Wakeling  and  Russell's  (74) 
experimental  design:  oral  (sublingual)  and  skin  (mean  of  six  sites) 
temperatures  were  measured  when  both  calves  were  immersed  in  42°C  water 
in  an  ambient  temperature  of  20°C;  forehead  sweating  was  noted  with  the 
use  of  iodine-impregnated  paper;  and  hand  blood  flow  was  measured  with 
a  simple  water-filled  venous  occlusion  plethysmograph.  They  found  that 
the  initial  mean  hand  blood  flow  and  the  initial  core  temperature  in  13 
patients  with  anorexia  nervosa  were  significantly  less  than  in  controls. 
Vasodilation  in  response  to  the  heat  stimulus  occurred  at  significantly 
lower  oral  and  peripheral  temperatures  (i.e.,  "shift  to  the  left") 
although  the  rise  in  oral  temperature  required  to  initiate  vasodilation 
was  greater.  There  was  no  difference  in  the  mean  maximal  blood  flow 
rates.  Sweating  in  patients  with  anorexia  nervosa  occurred  at  lower 
core  and  mean  skin  temperatures  than  in  controls.  This  observation, 
however,  may  reflect  an  autonomic  response  to  stress  rather  than  repre¬ 
sent  thermoregulatory  sweating.  Luck  and  Wakeling  concluded  that  the 
vasodilatory  response  was  slower  due  to  lower  initial  hand  blood  flow, 
and  not  secondary  to  decreased  sensitivity  to  a  heat  stimulus  as  pro¬ 
posed  by  .Wakeling  and  Russell  (74)  ten  years  earlier. 

Fohlin  (25)  studied  the  effects  of  anorexia  nervosa  on  physical  and 
circulatory  characteristics  at  rest,  during  exercise,  and  at  maximal 
aerobic  power  (VO^  max) .  The  girls  demonstrated  bradycardia  at  rest 
with  a  mean  heart  rate  of  54  beats  per  minute  (bpm) .  VC>2  max  was  32 
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ml'min  '''•kg  *  and  was  lower  than  in  control  girls.  Peripheral  circula¬ 
tion  was  assessed  by  the  effects  of  radiant  heat  on  calf  blood  flow 
(measured  with  an  air-filled  venous  occlusion  plethysmograph)  and  found 
to  be  significantly  reduced.  Skin  temperature  was  measured  and  found 
to  be  lower  at  five  to  six  levels  on  the  distal  lower  limb.  After 
regaining  weight,  eight  of  the  patients  were  restudied  and  resting 
heart  rate  and  VC^  max  had  returned  to  normal  at  79  bpm  and  46 
ml’min  ^*kg  \  respectively.  This  work  was  represented  in  greater 
detail  in  subsequent  papers  (26,28). 

Davies,  Fohlin,  and  Thordn  (21)  investigated  temperature  regulation 
during  prolonged  exercise  at  approximately  65%  VC^  max  in  patients  with 
anorexia  nervosa.  They  demonstrated  that  "preheating"  the  patient  in  a 
sauna  or  increasing  the  ambient  temperature  from  24°  to  32°C  raised  the 
rectal  temperature,  but  had  little  effect  on  the  rate  of  change  or  the 
final  temperature  reached  during  exercise.  It  should  be  noted  that 
these  results  were  based  only  on  two  patients.  When  the  ambient  temper¬ 
ature  was  decreased  to  12°C,  the  rectal  temperature  remained  essentially 
constant  during  exercise.  Absolute  evaporative  sweat  loss  was  lower, 
but  when  compared  to  the  total  heat  production,  it  was  within  the  range 
of  normal  controls.  Mean  skin  temperatures  were  higher  in  the  patients 
after  exercise  in  ambient  temperatures  of  both  24°  and  32°C;  the  dis¬ 
tribution,  however,  was  different  at  24°C,  despite  "preheating".  They 
concluded  that  patients  with  anorexia  nervosa  regulated  their  core 
temperature  similarly  to  those  individuals  who  are  extremely  sedentary 
or  unacclimatized.  In  the  heat,  the  patients  sweated,  but  had  a 
decreased  maximal  capacity  and  stored  more  heat  than  controls.  In 
moderate  ambient  temperatures  (24°C) ,  the  heat  produced  during  exercise 
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was  lost  differently  from  controls,  secondary  to  their  low  sweating 
capacity  and  peripheral  vasoconstriction.  They  postulated  that  the 
heat  was  dissipated  through  a  counter-current  exchange  mechanism  and 
that  there  was  no  evidence  for  hypothalamic  dysfunction  regarding 
thermoregulation. 

The  primary  concern  of  this  investigation  is  the  study  of  thermo¬ 
regulatory  mechanisms  in  patients  with  anorexia  nervosa  and  the 
controversy  regarding  hypothalamic  dysfunction.  Part  I  of  this  study 
is  the  assessment  of  thermoregulation  during  exercise  in  the  heat. 

Part  II  is  a  comparison  of  two  methods  of  assessing  adipose  stores: 
skinfold  thickness  versus  body  density. 
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METHODS 


Subjects : 

Five  female  outpatients  with  anorexia  nervosa  (mean  physical 
characteristics:  ht.  162  cm;  wt.  41  kg;  wt.  score  102;  age  18  yr)  ,  and 
five  female  control  subjects  (mean  physical  characteristics:  ht.  161 
cm;  wt.  56  kg;  wt .  score  142;  age  20  yr)  (Table  2)  were  studied  at  the 
John  B.  Pierce  Foundation  Laboratory,  New  Haven,  Connecticut,  during 
August,  1980  (except  patient  L.S.  who  was  studied  during  September, 
1981).  All  subjects  were  studied  following  written  informed  consent 
by  the  subject,  parent  (required  for  subjects  younger  than  18  years  of 
age),  and  physician.  This  protocol  had  been  approved  by  the  Human 
Investigations  Committee  of  the  Yale  University  School  of  Medicine 
(HIC  #2146). 

The  patients  met  the  diagnostic  criteria  suggested  by  Feighner, 
et  al.  (see  Table  1  in  Introduction)  (24)  and  were  under  the  care  of 
Walter  R.  Anyan,  M.D.,  at  the  Adolescent  Clinic  of  Yale-New  Haven 
Hospital.  Dr.  Anyan  first  suggested  to  the  patients  that  they  might 
consider  participating  in  a  research  project.  When  a  patient  expressed 
interest,  she  was  contacted  in  order  to  explain  the  goals  and  protocol 
of  the  study  to  her  and  her  parent(s).  Control  subjects  were  recruited 
from  the  Hamden  Hall  Country  Day  School,  Hamden,  Connecticut  with 
permission  of  Headmaster  Richard  Dolven,  and  from  the  Yale  University 
community. 

All  subjects  were  invited  to  the  laboratory  to  become  familiarized 
with  the  procedures  prior  to  the  study,  were  encouraged  to  discuss  the 
conditions  of  the  experiment  at  any  time,  and  were  free  to  terminate 
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participation  at  any  time  during  the  experiment  without  adversely 
affecting  payment  for  what  had  been  completed  or  other  interactions 
with  the  institution.  All  patients  had  notes  placed  in  their  hospital 
records,  acknowledging  their  participation  in  this  investigation. 

Inherent  in  this  study  was  selection  bias,  secondary  to  willing¬ 
ness  to  participate,  physical  condition,  and  with  regard  to  patients’ 
psychiatric  condition.  Hence,  these  subjects  may  not  represent 
anorectics  in  the  general  population.  Females  were  chosen  since  it 
has  been  estimated  that  95%  of  affected  individuals  are  female  (1). 

Part  I:  Thermoregulation  during  exercise  in  the  heat 

All  subjects,  dressed  in  shorts  and  top,  were  seated  at  rest  in  a 
contour  chair  behind  the  pedals  of  a  modified  Monark  cycle  ergometer 
(Figure  1)  (6)  for  ten  minutes  at  an  ambient  temperature  of  33°C.  The 
partial  pressure  of  water  vapor  was  approximately  15  Torr.  After  the 
rest  period,  the  subjects  exercised  for  20  minutes  at  an  intensity 
between  40  and  50%  of  maximal  aerobic  power  (VO^  max) .  The  intensity 
was  determined  from  the  heart  rate  response  during  a  trial  bout  of 
exercise  during  the  introductory  session  (4) .  Pedaling  velocity  was  60 
rpm,  achieved  by  the  subjects’  keeping  time  with  a  metronome.  Intensity 
was  adjusted  by  varying  the  tension  imposed  on  a  friction  belt  around 
the  flywheel  of  the  ergometer. 

Internal  temperature  (T  )  was  measured  with  an  esophageal  probe 
constructed  of  a  polyethylene  coated  copper-cons tan tan  thermocouple. 

The  differential  in  thermoelectric  powers  of  the  two  metals  creates  a 
voltage  between  the  two  junctions,  which  was  recorded.  The  thermocouple 
wire  was  referenced  against  melting  ice  and  was  calibrated  at  the  end 
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of  each  experiment  in  a  heated  water  bath  with  a  Bureau  of  Standards 
thermometer  accurate  to  0.01°C.  Subjects  were  trained  to  pass  the 
thermocouple  catheter  beyond  the  nasopharynx  to  a  length  of  one-fourth 
their  height  past  the  tip  of  the  nose,  placing  the  thermocouple  tip  at 
the  level  of  the  left  atrium,  as  demonstrated  radiographically  in  prior 
studies  from  this  laboratory  (78).  At  this  level,  the  thermocouple  is 
relatively  insensitive  to  small  displacements. 

Skin  temperatures  were  measured  from  thermocouples  mounted  across 

steel  or  plastic  rings.  The  rings  were  attached  to  the  skin  at  eight 

sites  with  the  outer  surface  of  the  thermocouple  freely  exposed  to  the 

air.  Mean  skin  temperature  (T  was  calculated  as  described  by  Wenger 

(79)  once  per  minute  using  the  following  equation:  T  ^  =  0.115 

T.  +  0.170  T„  +  0.205  T0  +  0.090  T.  +  0.080  Tc  +  0.053  T,  +  0.190  T-.  + 

12  3  4  5  6  7 

0.097  T0;  where  1  =  chest,  2  =  posterior  flank,  3  =  forehead,  4  = 

O 

anterior  flank,  5  =  lateral  upper  left  arm,  6  =  left  forearm,  7  = 
anterior  thigh,  and  8  =  lateral  calf.  This  weighting  is  based  on  the 
product  of  regional  area  and  local  relative  thermal  sensitivity. 

Forearm  blood  flow  was  measured  twice  per  minute  by  venous 
occlusion  plethysmography  using  a  Whitney  mercury-in-Silastic  strain 
gauge  (Figure  2).  The  gauge,  placed  on  the  forearm,  was  constructed 
of  a  continuous  thread  of  mercury  within  a  length  of  Silastic  tubing. 

The  ends  of  the  tubing  were  sealed  with  copper  pins  and  as  the  tube  was 
stretched  or  contracted,  the  resistance  of  the  mercury  thread  was 
changed.  The  gauge  formed  one  arm  of  a  Wheatstone  bridge  and  the  change 
in  voltage  between  the  nodes  of  the  bridge  was  recorded.  This  voltage 
has  an  almost  linear  relationship  to  the  change  in  resistance,  and  hence 
to  the  change  in  length  of  the  gauge  (80).  A  venous  occlusion  cuff  3.5 
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cm  wide  was  placed  over  the  upper  arm.  A  piece  of  flexible  metal  which 
was  placed  over  the  occlusion  cuff  kept  the  cuff  flat  against  the  skin, 
hence  reducing  the  inflation  time  and  offering  better  transmission  of 
pressure  to  deeper  tissues.  The  venous  occlusion  cuff  was  instantane¬ 
ously  inflated  with  air  to  a  pressure  of  30  Torr  twice  per  minute 
during  the  initial  ten  minutes  of  exercise,  and  once  per  minute  during 
the  final  ten  minutes  of  exercise.  Each  inflation  was  maintained  for 
5-8  seconds.  During  the  entire  experiment,  hand  blood  flow  was  occluded 
with  a  3.5  cm  pneumatic  wrist  cuff  inflated  to  approximately  300  Torr 
which  obliterated  the  radial  pulse  distally.  When  the  pneumatic  wrist 
cuff  and  venous  occlusion  cuff  were  simultaneously  inflated,  the  fore¬ 
arm  received  blood  from  its  own  arterial  supply,  but  not  from  the  hand, 
and  no  blood  could  be  drained  proximally.  The  circumference,  and 
therefore  the  volume,  of  the  forearm  increased  during  inflation  of  the 
venous  occlusion  cuff  at  a  rate  proportional  to  the  rate  of  arterial 
blood  flow.  As  this  change  in  circumference  stretched  the  strain  gauge, 
the  change  in  voltage  was  recorded.  Slopes  of  tangents  fitted  on  the 
plethysmographic  records  were  determined  and  used  to  estimate  forearm 
blood  flow  (Figure  3). 

Forearm  blood  flow  calculations  were  based  on  the  assumption  that 
the  forearm  is  a  cylinder  and  that  all  expansion  is  in  the  radial 

direction.  Thus,  the  volume,  V,  of  a  forearm  segment  is  tt  r2  £,  where 

_  j.  j  „  .  ^  dV  2tt  r£  dr  ,  2dr  2dC 

r  is  the  radius  and  l  is  the  length,  —  =  - 7 — —  and  — —  =  — — , 

6  V  it  rz  i  r  C 

where  C  is  the  forearm  circumference  measured  at  the  site  of  the  gauge 
immediately  post-exercise.  The  strain  gauge  was  calibrated  around  a 
plexiglas  cylinder  at  the  end  of  the  experiment.*  voltage  changes  were 
recorded  as  the  screw  on  the  plastic  portion  of  the  strain  gauge 
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adjusted  the  amount  of  stretch  or  contraction.  The  change  in  the 
Wheatstone  bridge  output  (in  volts)  was  divided  by  the  number  of  the 
turns  of  the  screw  (pitch  of  32  per  inch)  and  multiplied  by  32  to  give 

X,  the  change  in  signal  per  inch  change  in  length  of  the  gauge: 

..  a  volts  +  b  volts 

X  =  - : — -  x  32. 

c  turns  +  d  turns 

Slopes  of  the  tangents  (volts/min)  were  converted  to  milliliters  of 

blood  flow  per  100  mililiters  of  tissue  per  minute  by  multiplying  by: 

200  ml 

(100  ml)  (C)  (X)' 

The  arms  were  pronated  with  flexion  of  the  wrists  and  fingers. 

The  arm  was  supported  and  suspended  in  this  position  at  shoulder  level 
in  order  to  allow  for  adequate  venous  drainage  when  the  venous  occlu¬ 
sion  cuff  was  deflated.  Movement  artifacts  on  the  plethysmographic 
records  were  minimized  as  a  result  of  having  the  subject  seated  in  a 
contour  chair  behind  the  pedals  and  having  her  arm  suspended  from  the 
ceiling;  these  supportive  measures  allowed  relaxation  of  the  trunk,  and 
arm  and  shoulder  girdles.  During  the  exercise  period,  changes  in  fore¬ 
arm  blood  flow  were  interpreted  as  changes  in  skin  blood  flow  over  most 
of  the  body.  Previous  studies  in  passively  heated  subjects  have 
demonstrated  that  forearm  vasodilation  is  confined  to  the  skin  vascula¬ 
ture  (65)  and  is  considered  an  efficient  thermoregulatory  mechanism. 

Oxygen  uptake  (VO^)  and  carbon  dioxide  production  (VCO^)  were 
measured  throughout  the  entire  experiment.  The  external  nares  were 
occluded  with  nose  clips.  A  mouthpiece  was  attached  to  a  Collins 
triple-J  low  resistance  one-way  valve  through  which  the  subject  in¬ 
spired  room  air  and  expired  air  which  was  directed  into  a  mixing 
chamber.  Continuous  sampling  from  the  mixing  chamber  was  achieved 
with  a  short  length  of  polyethylene  tubing  which  was  connected  to  the 
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head  of  a  Beckman  LB-2  infrared  analyzer  for  CC^  analysis  and  a  Beckman 

paramagnetic  oxygen  analyzer  (Figure  4) .  Time  delay  of  the  entire 

system  was  less  than  three  seconds.  The  gas  analyzers  were  calibrated 

at  the  beginning  and  end  of  each  experiment  against  gases  of  known 

concentrations  (checked  against  gas  chromatography). 

Continuous  recordings  of  the  fractional  concentrations  of  oxygen 

(F  n  )  and  carbon  dioxide  (F  )  and  continuous  recordings  of  the 
EL^  ECO2 

expired  ventilatory  volume  (V  )  were  used  to  calculate  oxygen  uptake 

E 

(VO^),  carbon  dioxide  production  (VCO^) ,  and  the  respiratory  exchange 
ratio  (R)  with  the  following  equations: 

™2  ‘  FE  (1  -  (FE02  +  FEC02)/FIN2>  FI02  -  FE  (FEC>2); 

VC02  =  (VE)  (FEC02)  ;  and 

R  =  VCC^/VC^,  where  VO^  and  VCC^  are  in  liters/min. 

VC>2  and  VCC^  were  corrected  to  STPD  (standard  temperature  and  pressure, 
dry)  using  standardized  tables  (16). 

Peripheral  venous  blood  samples  were  taken  using  a  20-gauge 
Vacutainer  needle  before  commencing  the  ten  minute  rest  period,  and 
immediately  post-exercise.  The  blood  was  analyzed  for  glucose,  urea 
nitrogen,  creatinine,  triglycerides,  and  lactic  acid  by  the  Clinical 
Chemistry  Department  of  Yale-New  Haven  Hospital.  Subjects  were  in  the 
post-absorptive  state. 


Part  II:  Assessment  of  adipose  stores  by  two  methods 

Skinfold  thicknesses  at  the  triceps,  subscapular,  pectoral, 
umbilical,  iliac,  and  thigh  regions  were  obtained  by  Walter  R.  Anyan, 
M.D.  using  Lange  calipers.  Predicted  percent  body  fat  was  calculated 


by: 


sum  of  6  skinfolds  (mm)  -  8  mm 

Body  weight  (kg) 


x  11.5,  where  8  mm  is  a  correction 
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factor  for  epidermal  and  dermal  thickness  (2) .  A  weight  score  was  cal¬ 
culated  by:  *  l.QP.  (2)  where  the  expected  lean  body  mass 

expected  LBM 

(LBM)  for  girls  was  calculated  by:  expected  LBM  =  2.06  e^*184  height. 
LBM  in  kilograms  and  height  in  centimeters  (27). 

Estimation  of  specific  gravity,  using  the  Archimedian  principle, 
was  modified  after  Ricci  (63)  (Figure  5).  The  subjects  were  first 
weighed  on  a  scale  accurate  to  one  gram.  The  subject  then  inserted  a 
spirometer  mouthpiece  attached  to  a  15  cm  plexiglas  tube,  and  lay  on  a 
frame  suspended  from  an  autopsy-type  scale  above  the  water  of  a  Hubbard 
tank.  The  frame  was  lowered  into  the  water  for  complete  submersion. 

When  fully  submerged,  the  subject  was  instructed  to  exhale  completely 
and  the  weight  was  recorded.  Underwater  weights  for  six  submersions 
were  recorded  and  averaged.  Calculations  to  determine  percent  body  fat 
used  equations  from  Keys  and  Brozek  (42): 

Body  density  =  — d-y-  Vt-  .x...densi.-t^-0-f--w-i-t-e-r--a-t-  -TJtf _ 

Body  wt  -  (Underwater  wt +  (RV x  density  of  water  at  T  ))’ 

w 

where  weight  is  in  kilograms,  RV  is  residual  volume  in  liters,  and 

the  density  of  water  at  37°C  =  0.993.  Percent  body  fat  = 

100  x  0  -  4.684),  where  specific  gravity  (sp.gr.)  =  body  density  x 

sp . gr . 

1.007;  1.007  is  the  relative  volume  of  water  at  37°C. 

Residual  volume  is  the  volume  of  gas  remaining  in  the  lungs  after 
a  maximal  expiration  and  was  determined  with  body  volume  plethysmography. 
A  body  volume  plethysmograph  is  a  large  air-tight  box  in  which  the 
subject  sits  (Figure  6).  It  has  an  opening  in  the  wall  through  which 
gas  is  displaced  when  the  subject  changes  volume;  this  volume  is 
measured  with  a  spirometer.  Breathing  is  accomplished  through  a 
mouthpiece  connected  to  the  outside.  At  the  end  of  expiration,  the 
mouthpiece  is  occluded  from  the  outside  and  the  subject  is  instructed 
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to  "pant  like  a  puppy".  This  maneuver  alternately  expands  and  com¬ 
presses  the  gas  in  her  respiratory  system;  the  gas  pressure  in  the 
mouthpiece  equals  the  lung  gas  pressure  if  the  larynx  is  open.  The 
difference  in  pressures  between  the  mouthpiece  and  the  atmosphere  is 
displayed  on  the  abscissa  of  an  oscilloscope  and  the  change  in  body 
volume  measured  by  the  plethysmograph  is  displayed  on  the  ordinate. 
The  total  volume  of  gas  can  be  calculated  from  Boyle’s  law:  at  a 
constant  temperature,  Pressure  x  Volume  =  a  constant; 


P1V1  =  (P1  +  AP)  (V1  +  AV); 

P1V1  =  P1V1  +  AVP1  +  APV1  +  APAV' 
Since  APAV  is  miniscule  hence, 


0  =  AVPj  +  APVj  and 
AV 

V  =  -p  —  . 

1  1  AP 


In  this  case,  P^  =  barometric  pressure  minus  the  vapor  pressure  of 
water  at  body  temperature  since  alveolar  gas  is  assumed  to  be  water 


saturated,  or  760  -  47  =  713  mm  Hg.  The  slope  or  tan  0  of  the  body 

AV 

volume :mouth  pressure  is  —  and  V^,  or  the  thoracic  gas  volume  (vTq) 


is  the  volume  of  gas  being  compressed.  P^  is  measured  in  mm  Hg  and 

must  be  multiplied  by  1.36  to  be  converted  to  cm  ^0.  The  scale  of 

the  volume: pressure  display  are  measured  in  millimeters  and  need  to  be 

converted  to  cm  H2O;  Volume,  25  mm  =  1  cm;  Pressure,  5  mm  =  1  cm;  and 

the  ratio  of  Volume :Pressure  =  5.  Hence, 

V1  +  713  x  1.36  x  5  x  tan  0  =  4848.40  tan  0,  and 

V  =  V 
1  TG 

VTG  +  IC  =  TLC 
TLC  -  VC  =  RV, 

where  IC  =  inspiratory  capacity,  TLC  =  total  lung  capacity,  VC  =  vital 
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( 


capacity,  and  RV  =  residual  volume.  Body  volume  plethysmography  was 
performed  by  Jim  Virgulto,  Electronics  Engineer,  Section  of  Pulmonary 
Medicine  of  the  Yale  University  School  of  Medicine,  and  reviewed  by 
Jacob  Loke,  M.D. 

Data  Analysis 

Data  were  analyzed  for  statistical  significance  using  Student’s 
unpaired  t-test  except  data  for  body  fat  content  which  was  analyzed  by 
Student’s  paired  t-test.  P  values  greater  than  0.05  were  considered  to 
be  not  significant. 
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RESULTS 


Part  I:  Thermoregulation  during  exercise  in  the  heat 

Esophageal  (T  )  and  mean  skin  (T  )  temperatures  measured 

0  S  SK 

initially,  at  1  minute  pre-exercise,  at  threshold  for  vasodilation,  and 
at  the  end  of  exercise  are  summarized  in  Table  3.  The  threshold  for 
vasodilation  was  defined  as  the  esophageal  temperature  at  which  forearm 
blood  flow  is  3  ml*min  '*'•100  ml  above  this  temperature,  forearm 
blood  flow  (BF)  rises  linearly  with  T£s  (79).  The  differences  between 
the  means  of  T  and  T  ,  of  the  control  and  anorectic  groups  were  not 

0  S  S  K. 

statistically  significant  (P  >  0.05),  but  there  was  a  tendency  for  the 

anorectic  group  to  cluster  at  the  higher  end  of  the  overlapping  ranges. 

At  the  vasodilation  T  ,  the  control  group  averaged  36.91°C,  and  the 

0  s 

anorectic  group  averaged  37.3A°C  (p  =  0.05).  However  the  difference 

between  the  initial  T  and  the  vasodilation  threshold  (AT)  was  not 

es 

statistically  significant. 

1 

Figure  7  displays  representative  data  (patient  L.S.)  of  T  ,  T 

0  S  S  K 

and  BF  relative  to  time  in  an  ambient  temperature  (T  )  of  33°C.  Over 

a 

the  course  of  exercise,  there  was  a  minimal  rise  (0.16°C)  in  T  the 

change  in  T^  was  0.96°C,  and  the  change  in  BF  was  6.2  ml* min  ^lOO 

ml  ■*" .  Blood  flow  remained  low  during  rest  and  during  the  beginning 

of  the  exercise  period.  During  exercise,  the  T  increased  as  warmed 

blood  was  transferred  to  the  core  from  the  exercising  leg  muscles. 

Meanwhile,  mean  forearm  blood  flow  increased  slowly  until  T  reached 

es 

the  vasodilation  threshold;  at  this  point,  BF  began  to  rise  linearly 
with  T  until  it  reached  its  near  peak  and  began  to  plateau. 

The  relationship  between  forearm  blood  flow  and  esophageal 
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temperature  is  shown  in  Figure  8.  Vasodilation  threshold  T  was 

determined  as  aforementioned,  the  BF:T  slope  was  determined  by 

es 

best-fit  linear  regression  analysis;  for  each  subject,  all  data  points 
during  exercise  were  averaged  for  mean  (T  )  and  mean  BF  (BF) ,  and 

the  steady  state  T  and  BF  averaged  data  points  collected  during  the 
last  five  minutes  of  exercise  (Table  4).  The  mean  of  the  slopes  for 
the  control  group  was  20.8,  and  was  13.2  for  the  anorectic  group.  The 
mean  T  for  the  control  group  was  37.40°C,  and  was  37.58°C  for  the 
anorectic  group.  The  mean  steady  state  T£s  was  37.67°C  for  the  control 
group,  and  was  37.79°C  for  the  anorectic  patients.  The  differences 
between  the  means  of  the  slopes,  T  ,  and  steady  state  T^  were  not 
statistically  significant,  although  there  was  a  trend  for  T£g  and 
steady  state  T  to  be  higher  in  the  anorectic  group.  Mean  BF  for  the 
control  group  was  12.5  ml* min  ^*100  ml  \  and  was  6.0  ml* min  '*'•100  ml  ^ 
for  the  anorectic  group;  this  difference  was  statistically  significant 
(0.001  <  p  <  0.01).  Steady  state  BF  for  the  control  group  was  15.1 
ml* min  *100  ml  \  8.5  ml* min  ^*100  ml  ^  for  the  anorectic  group,  and 
the  difference  was  also  statistically  significant  (0.01  <  p  <  0.02). 

Metabolic  data  are  shown  in  Table  5;  VO2  was  corrected  to  STPD  and 
normalized  per  kilogram  body  weight.  Mean  VO2  for  the  control  group 
was  3.02  ml* min  ^*kg  ^  at  rest  and  reached  22.62  ml* min  ^*kg  ^  at 
15  minutes  of  exercise.  Mean  VO^  for  the  anorectic  group  was  3.16 
ml*min  ^*kg  *  at  rest  and  reached  19.04  ml* min  ^*kg  ^  at  15  minutes  of 
exercise;  the  differences  between  the  patient  and  control  groups  were 
not  statistically  significant.  Respiratory  exchange  ratios  (R)  between 
the  two  groups  were  not  statistically  significant. 

The  relationship  bewteen  VO^  and  power  during  exercise  is  shown 
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in  Table  6  and  Figure  9.  Force  (kp)  was  converted  to  power  (Watts)  by 
the  following  equivalencies: 

-2 

1  kilopound  (kp)  =  9.80665  kg*m*sec  ,  where  1  kp  =  force  acting 
on  1  kg  at  gravity. 


Work  =  Force  x  distance 


-2 

=  kg-m 

■1 

2  -2 

=  kg*m*sec  *m 

Power  =  Work  x  time 

•sec  ;  and 

1  2  -2 

-1 

,  2  -3 

=  kg*m  *sec 

sec  = 

:  kg*m  -sec 

Therefore,  the  power  required  to  move  a  flywheel  of  6  meters 
circumference  from  which  a  1  kilogram  mass  is  suspended  at  60  revolu¬ 
tions  per  minute  is : 

-2  -1  -1 

Power  =  (9.80665  kg*m*sec  )  (6  m)  (60  min  )  (min*60  sec  ) 

2  -3 

=  58.84  kg*m  *sec  =  58.84  Watts,  where  Watts  are  defined 
2  -3 

as  kg*m  *sec  .  Data  points  were  plotted  and  best-fit  lines  by 
regression  analysis  were  drawn: 

VO2  =  0.23  (x  Watts)  +  5.21,  (r  =  0.73)  for  the  control  group; 
and  VO2  =  0.24  (x  Watts)  +  7.47,  (r  =  0.70)  for  the  anorectic  group. 

The  regression  lines  are  parallel  and  both  groups  have  similar  oxygen 
uptakes  as  a  function  of  power;  standard  error  bars  around  the  means  on 
the  regression  lines  overlap  (x  =  22.8  ml*min  ^*kg  *  ±  2.25,  and  18.9 
ml* min  ^*kg  ^  ±  2.25  for  the  control  and  anorectic  groups,  respectively). 

Data  from  chemical  analyses  of  blood  samples  obtained  pre-  and 
immediately  post-exercise  are  presented  in  Table  7.  Blood  levels  were 
within  normal  limits  and  remained  essentially  unchanged  during  the 
exercise  period,  except  patient  S.A.  whose  triglycerides  were  elevated 
to  306  mg%  pre-exercise  and  195  mg%  post-exercise.  It  is  interesting 
to  also  note  that  four  of  the  five  anorectic  patients  (all  except  L.E.) 
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had  at  least  a  two-  to  three-fold  increase  in  lactic  acid  concentra¬ 
tions  during  exercise,  whereas  only  one  (D.C.)  of  four  control 
subjects  showed  a  similar  increase.  Determinations  for  lactic  acid 
(control  subject  E.G.)  and  urea  nitrogen  (patient  L.S.)  were  not 
obtained  secondary  to  laboratory  error. 

Part  II:  Assessment  of  adipose  stores  by  two  methods 

Data  from  the  skinfold  thickness  and  body  density  methods  are 
shown  in  Table  8.  The  equations  used  in  calculating  the  percent  body 
fat  are  described  in  the  Methods  section.  The  mean  percent  body  fat 
by  the  skinfold  thickness  method  was  6.9%,  whereas  the  body  density 
measurement  predicted  the  mean  percent  body  fat  as  11.8%.  In  three 
of  the  five  anorectic  patients  (D.R.,  C.M.,  S.A.),  there  was  a  two-fold 
or  greater  percent  body  fat  when  predicted  by  the  body  density  method, 
reaching  statistical  significance  (0.02  <  p  <  0.05)  using  Student's 
paired  t-test. 
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DISCUSSION 


Part  I:  Thermoregulation  during  exercise  in  the  heat 

Blood  flow  to  muscle  increases  during  exercise  in  order  to  provide 
the  oxygen  and  nutrients  that  are  necessary  to  sustain  exercise.  The 
fuel  energy  is  converted  to  mechanical  work  and  thermal  energy,  heat. 
During  the  beginning  of  exercise,  thermal  energy  is  stored  in  the 
muscle;  hence,  the  temperature  of  the  muscle  increases.  Arterial  blood 
is  at  core  temperature  as  it  enters  the  muscle;  it  thermally  equili¬ 
brates  with  the  muscles  in  the  capillary  beds,  and  venous  blood  leaves 
at  muscle  temperature.  As  a  result  of  this  heat  transfer  from  working 
muscles  to  blood,  the  temperatures  of  the  arterial  blood  and  body  (core) 
are  increased. 

When  body  core  temperature  increases,  blood  flow  to  the  skin  does 
likewise.  The  thermal  energy  produced  in  muscles  during  exercise  is 
then  transferred  in  the  blood  from  core  to  skin,  from  where  it  can  be 
dissipated  to  the  environment  by  convection,  radiation,  and  evaporation 
of  sweat.  Convection  is  the  process  by  which  the  transfer  of  heat  from 
the  skin  to  the  air  is  dependent  on  the  temperature  gradient  and  air 
velocity.  Radiation  is  the  transfer  of  heat  by  long  wave  electro¬ 
magnetic  emissions  and  is  dependent  on  the  temperature  gradient  between 
skin  and  body  temperature.  Conduction  is  dependent  on  direct  contact 
between  two  surfaces  and  plays  a  negligible  role  in  heat  transfer. 
Evaporative  sweat  loss  is  dependent  on  the  water  vapor  pressure 
gradient  between  the  skin  and  the  air.  Thermal  energy  loss  via  the 
respiratory  tract  also  plays  a  minor  role,  and  is  dependent  on  evapor¬ 
ation  and  convection.  At  low  ambient  temperature  (T  10°C) ,  convection 

cl 
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plays  a  major  (>  50%)  role  in  thermal  energy  exchange,  whereas 
radiation  and  evaporative  sweat  loss  each  account  for  approximately 
20%  of  the  total  heat  loss.  Respiratory  loss  acounts  for  approximately 
10%  of  total  heat  loss.  Heat  loss  by  convection  and  radiation  is 
potentially  high  since  there  is  a  large  temperature  gradient  between 
the  skin  and  the  air.  At  high  ambient  temperatures,  however, 
evaporative  sweat  loss  plays  the  major  role  in  total  heat  loss.  The 
potential  for  heat  loss  by  convection,  radiation,  and  respiration 
decreases  as  the  skin  temperature  rises  with  ambient  temperature  (53) . 
In  the  thermal  steady  state,  when  mean  core  temperature  is  constant, 

this  may  be  summarized  in  the  following  energy  balance  equation, 

-2 

expressed  in  Watts -m  : 

M  =  E  ±  (R  +  C)  +  (±  W) , 
where  M  =  rate  of  energy  metabolism 
E  =  rate  of  evaporative  loss 

R  +  C  =  rate  of  radiant  and  convective  loss,  when  the  sign  is 
positive 

W  =  work  rate,  where  +W  is  work  done  on  an  external  system  and 
-W  is  work  absorbed  by  the  body. 

If  there  is  a  thermal  unsteady  state  with  a  subsequent  change  in  core 
temperature,  a  heat  storage  term  (S)  must  be  added: 

S  =  M  =  E  ±  (R  +  C)  -  (±W)  , 

where  +S  represents  an  increase  in  core  temperature  (57). 

Esophageal  (T  )  and  mean  skin  (T  )  temperatures  in  the  control 

0  S  SK. 

and  anorectic  subjects  did  not  differ  significantly  except  at  the 
vasodilation  threshold  T^s  where  the  anorectic  group  mean  temperature 
was  0.43°C  greater  than  the  control  group  mean  temperature  (Table  3). 
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This  finding  of  an  elevated  T^s  threshold  for  cutaneous  vasodilation 
markedly  contrasts  the  results  of  Luck  and  Wakeling  (47),  who  found 
that  anorectic  subjects  demonstrated  a  "shift  to  the  left"  and  vaso¬ 
dilated  at  lower  core  and  mean  skin  temperatures  than  control  subjects. 
It  seems  unlikely  that  anorectic  patients  would  have  lowered  thresholds 
for  vasodilation  and  thermoregulatory  sweating;  anorectic  patients  are 
observed  to  dress  in  layers  of  clothing,  are  maximally  vasoconstricted 
in  an  ambient  temperature  of  28°C,  have  decreased  fat  insulation  (2,40), 
note  feeling  cold  even  during  the  summer,  and  rarely  sweat  even  during 
exercise  in  the  heat. 

The  paradoxical  effect  noted  by  Luck  and  Wakeling  (47)  may  merely 
reflect  their  experimental  design;  in  an  ambient  temperature  of  20°C, 
lightly  clad  subjects  rested  30  minutes  prior  to  immersion  to  calf-level 
in  water  heated  to  42°C.  "Core"  temperature,  measured  with  a  sublingual 
thermistor,  was  significantly  lower  (1°C)  in  the  anorectic  group 
initially  and  was  attributed  to  low  metabolic  rates  and  lowered  thresh¬ 
olds  for  thermoregulatory  sweating  and  vasodilation.  Although  Luck  and 
Wakeling  found  no  significant  differences  between  rectal  and  oral 
(sublingual)  temperatures  in  a  preliminary  study,  it  is  not  generally 
accepted  that  oral  (sublingual)  temperature  is  an  adequate  reflection 
of  core  temperature  because  of  the  relatively  great  time  delay  in 
response  to  a  change  in  thermal  load.  There  has  been  controversy  over 
the  optimal  site — rectal,  esophageal,  tympanic  membrane — for  measuring 
core  temperature,  but  evidence  supports  esophageal  temperature  as  being 
the  best  index  of  the  temperatures  of  the  deep  thermoreceptors  important 
in  thermoregulation  (62).  Furthermore,  J^quier  (40)  has  shown  that  in 
an  ambient  temperature  of  20°C,  anorectic  patients  produce  less  heat 
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than  they  lose,  and  their  metabolic  heat  production  is  significantly 
(p  <  0.01)  less,  even  though  their  heat  losses  are  similar  when  com¬ 
pared  to  control  subjects.  Hence,  it  is  reasonable  that  Luck  and 
Wakeling  found  the  initial  mean  temperature  in  the  anorectic  patients 
to  be  1°C  lower  (range  34.4°  to  35.9°C)  than  the  controls;  in  a  cool 
environment,  the  anorectic  patients  are  at  increased  risk  for  hypo¬ 
thermia.  The  explanation  that  in  cooler  ambient  temperatures,  low 
core  temperature  might  reflect  metabolic  heat  production  which  is  less 
than  heat  losses  in  anorectic  patients  is  supported  indirectly  by  this 
data  (normal  core  temperature  at  T  33°C) ,  by  Luck  and  Wakeling 

3 

(normal  core  temperature  at  T  30°C)  (48)  ,  by  Mecklenburg  (low  core 
temperature  at  T  10°C)  (50),  and  by  Davies,  Fohlin  and  Thordn  (21). 

3 

Davies,  et  al.  studied  the  effects  of  "preheating"  anorectic  patients 
in  a  sauna  prior  to  exercise  and  found  that  the  resting  rectal  tempera¬ 
ture  was  increased,  but  the  rate  of  change  and  the  final  "plateau" 
temperature  were  both  virtually  unchanged. 

Mean  forearm  blood  flow  (BF)  and  steady  state  BF  exhibited 
statistically  significant  differences  approximating  two-fold  (0.001  <  p 
<  0.01  and  0.01  <  p  <  0.02,  respectively)  between  the  control  and 
anorectic  groups  (Figure  8,  Table  4).  This  contradicts  the  findings  of 
Luck  and  Wakeling  (47)  in  which  maximal  blood  flow  was  greater  in  the 
anorectic  patients  and  extended  over  a  wider  range;  this  could  reflect 
their  patient  population,  since  it  is  generally  accepted  that  patients 
with  anorexia  nervosa  are  relatively  vasoconstricted  even  with  thermal 
stress  (25,28,50,74).  The  relationship  between  BF  and  T£s ,  i . e . ,  slope, 
was  similar  in  both  groups.  Anorectic  patients  vasodilated  with  a 
normal  response  to  an  increase  in  core  temperature,  yet  they  "reset" 
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their  vasodilation  threshold  T  to  a  higher  level,  and  BF  plateaued 

es 

at  a  lower  level.  Hence,  it  is  concluded  that  patients  with  anorexia 
nervosa  thermo regulate ,  and  the  sensitivity  of  the  peripheral  thermo¬ 
regulatory  sensors  is  unchanged.  This  conclusion  is  consistent  with 
data  from  Davies,  et  al.  (21),  and  Wakeling  and  Russell  (74),  although 
the  "sluggish"  response  reported  by  the  latter  group  of  investigators 
was  not  supported. 

The  thermoregulatory  responses  of  the  anorectic  patients  are 
similar  to  those  of  subjects  rendered  hypovolemic  during  exercise  for 
30  minutes  at  VC^  max  in  an  ambient  temperature  of  35°C.  The  mean 
vasodilation  threshold  T£g  was  36.90°C  in  normovolemic  experiments  and 
37.32°C  in  the  hypovolemic  experiments;  the  upward  shift  in  the  thresh¬ 
old  is  believed  to  be  mediated  by  low  pressure  baroreceptors .  In 
addition,  maximal  blood  flow  was  decreased  in  the  hypovolemic  experi¬ 
ments  and  was  attributed  to  a  progressive  fall  in  cardiac  stroke 
volume  (59).  The  means  and  amount  of  shift  in  the  vasodilation 

threshold  T  are  identical  between  the  anorectic  and  control  groups, 
es 

and  between  the  normovolemic  and  hypovolemic  experiments;  vasodilation 

threshold  T  for  controls  was  36 . 91°C  and  37 . 34°C  for  anorectic 
es 

patients  (Figure  10).  Blood  volume  determinations  by  the  Evan's  blue 
dye  dilution  method  were  not  done  in  the  present  study,  secondary  to 
the  patients'  reluctance  to  have  additional  blood  samples  drawn.  The 
one-step  rebreathing  technique  for  estimating  cardiac  output  requires 
extensive  training,  hence  it  was  not  done  in  the  present  study  (2,58). 
Clinical  assessment,  however,  did  not  reveal  the  signs  of  moderate  to 
severe  dehydration  in  the  anorectic  patients  that  would  have  accompanied 
an  11%  reduction  in  blood  volume  as  achieved  by  the  subjects  rendered 
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hypovolemic  with  diuretics.  It  is  unlikely  that  the  anorectic  patients 
were  hypovolemic;  routine  screening  tests  did  not  reveal  electrolyte 
imbalances,  increased  hematocrits,  nor  evidence  of  partial  diabetes 
insipidus  as  suggested  by  Mecklenburg  (50).  In  fact,  anorectic  patients 
may  exhibit  polydipsia  in  an  attempt  to  increase  weight  gain  without 
increasing  caloric  intake. 

Evaporative  sweat  loss  was  measured  by  absolute  weight  loss  (in 
grams)  and  found  to  be  significantly  less  (0.02  <  p  <  0.05)  in  the 
anorectic  group  (x  ±  SD  =  246.6  ±  102.25;  range  123  to  405)  compared 

to  the  control  group  406  ±  93.1;  range  309  to  507).  When  sweat  loss 

-2 

was  normalized  for  body  surface  area  (grams'm  ),  however,  the 
differences  were  not  statistically  significant  between  the  anorectic 
group  (x  ±  SD  =  174.6  ±  67.4;  range  91.8  to  279.3)  and  the  control 
group  (255.7  ±  52.4;  range  195.6  to  312.9).  This  contradicts  anecdotes 
that  anorectics  do  not  thermoregulate  by  sweating.  Evaporative  sweat 
loss  in  this  investigation  cannot  be  expressed  in  Watts,  nor  can  conclu¬ 
sions  about  energy  balance  be  drawn,  since  the  total  length  of  time  in 
the  climate-controlled  chamber  varied.  Variable  factors  included 
preparatory  and  recovery  times.  Davies,  et  al.  (21)  reported  that 
absolute  evaporative  sweat  loss  was  lower  in  anorectics  and  in  control 
subjects,  and  in  relation  to  total  heat  production,  their  evaporative 
sweat  loss  lay  within  the  lower  limits  of  normal. 

Resting  metabolic  rate  in  anorectics  was  not  lower  than  controls 
(Table  5) .  In  addition,  there  was  no  evidence  of  a  bradycardia  at 
rest,  contrary  to  descriptions  by  other  investigators  (2,25,67).  This 
latter  finding  may  reflect  the  increase  in  cardiac  output  needed  in  the 
heat  for  temperature  regulation,  especially  in  unacclimatized  individ- 
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uals  (69).  Fohlin,  et  al.  (26)  reported  a  mean  (corrected  to  STPD) 

at  rest  of  0.139  l'min  *  for  17  female  patients  with  anorexia  nervosa, 
a  VO2  that  was  approximately  20%  lower  than  expected;  control  subjects 
were  not  studied,  but  data  from  trained ,  physically  fit  children  were 
used  for  comparison.  Mean  VO^  (corrected  to  STPD)  at  rest  was  0.131 
l*min  ^  ±  0.016  for  the  anorectic  patients  and  was  0.173  l’min  ^  ± 

0.009  for  the  control  subjects  in  the  present  study.  There  was  also 
an  approximately  20%  difference  (0.02  <  p  <  0.05)  between  the  two 
groups;  however,  making  such  a  comparison  is  erroneous  since  the  oxygen 
uptake  has  not  been  normalized  for  body  weight.  Normalization  of 
oxygen  uptake  permits  comparisons  of  metabolic  rates  which  are  indepen¬ 
dent  of  body  size  between  different  individuals.  When  this  normaliza¬ 
tion  has  been  made,  the  metabolic  rates  are  similar  (Table  5).  The 
average  percent  weight  loss  in  Fohlin' s  group  of  anorectic  patients  was 
approximately  25%  and  could  account  for  the  20%  decrease  in  resting  VO2 
(1‘min  1) . 

The  differences  between  the  means  of  the  respiratory  exchange 
ratios  (R)  of  the  two  groups  (Table  5)  were  not  statistically  signifi¬ 
cant;  however,  there  was  a  tendency  for  greater  R  values  in  the 
anorectic  patients  than  in  the  control  subjects.  At  15  minutes  of 
exercise,  the  range  of  R  values  for  the  anorectic  patients  was  between 
0.81  and  1.21,  whereas  the  range  for  the  control  subjects  was  between 
0.81  and  0.96.  The  R  value  obtained  from  oxidizing  a  pure  carbohydrate 
is  1.00,  is  0.70  from  fat  oxidation,  and  is  0.83  from  catabolism  of  meat 
protein  (44,64).  R  values  greater  than  1.00  reflect  an  increase  in  the 
rate  of  CO2  elimination,  not  necessarily  CO2  produced  from  oxidation, 
but  from,  for  example,  hyperventilation  as  a  consequence  of  formation 
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of  acids  such  as  lactic  acid  or  keto-acids,  as  well  as  acid  retention 
seen  in  nephritis  and  uremia,  and  "laying  down  of  fat  at  the  expense 
of  carbohydrate".  Increases  in  CC^  production  are  seen  with  oxidation 
of  pyruvic  and  glycuronic  acids,  each  yielding  an  R  value  of  1.2  (64). 

The  anorectic  patients  were  in  the  recovery  phase  at  the  time  of 
the  study;  they  had  gained  insight  in  their  disorder  and  were  recover¬ 
ing  their  lost  weight.  Hence,  the  synthesis  of  fat  from  carbohydrate 
certainly  could  have  altered  the  R  value  by  increasing  it.  However, 
this  effect  would  have  a  greater  influence  at  rest  than  during  exercise 
when  increased  energy  demands  would  decrease  fat  synthesis.  It  is 
unlikely  that  the  R  value  elevations  in  the  anorectic  patients  were 
secondary  to  acid  retention;  they  had  no  history  of  renal  disease.  Nor 
is  it  likely  that  pyruvic  or  glycuronic  acids  were  their  main  sources 
of  fuel. 

The  most  likely  explanation  for  the  elevated  R  values  in  the 
anorectic  patients  is  the  combination  of  hyperventilation  and  formation 
of  lactic  acid  (Table  7).  In  four  of  the  five  patients  (all  except 
L.E.),  there  was  at  least  a  two-  to  three-fold  increase  in  lactic  acid 
concentration  during  exercise;  these  were  only  slightly  elevated  over 
the  normal  resting  range  of  6  to  16  mg%.  At  VC>2  max,  the  blood  lactic 
acid  concentrations  can  be  above  70  to  80  mg%  (4) .  When  the  ratio  of 
the  expiratory  gas  volume- min  ^  (V£)  to  oxygen  uptake -min  *  (VO2)  is 
greater  than  23  liters'liter  \  a  subject  is,  by  definition,  hyperven¬ 
tilating  (4).  Hyperventilation  occurs  when  the  work  load  cannot  be 
sustained  entirely  aerobically.  In  the  control  subjects,  the  mean 

V  :V0„  ratio  was  27.25  liters'liter  *  ±  1.77,  and  was  29.90  liters' 

E  2 

liter  *  ±  2.17  in  the  anorectic  patients;  by  definition,  both  groups 
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were  hyperventilating.  Although  the  difference  between  the  means  of 
the  ratios  was  not  statistically  significant,  the  range  for  the 
anorectic  patients  (23.25  to  34.80)  tended  to  be  greater  than  for  the 
control  subjects  (23.15  to  31.83). 

There  is  some  controversy  concerning  the  mechanism(s)  stimulating 
the  hyperventilation;  the  effect  of  lactic  acid  on  blood  pH,  hypoxia 
and  variations  in  Pn  and  P  on  central  and  peripheral  chemoreceptors , 

u  2  wU  2 

and  neurogenic  factors  have  been  studied  (4).  The  possibility  thence 
arises  that  the  anorectic  patients  were  working  at  a  greater  percent 
VO2  max  than  the  control  subjects;  if  so,  the  original  premise  that  the 
work  load  and  percent  VO^  max  could  be  estimated  from  the  heart  rate 
response  (4)  may  have  been  incorrect  in  the  anorectic  patients. 

Another  possibility  is  that  the  anorectic  patients  may  not  have  been 
as  able  to  meet  the  demands  for  increased  cardiac  output  while  exer¬ 
cising  in  the  heat  since  blood  flow  to  muscle  and  skin  needed  to  be 
increased.  It  has  been  suggested  that  the  reduction  in  maximal  forearm 
blood  flow  seen  in  hypovolemic  subjects  may  be  secondary  to  a  progres¬ 
sive  fall  in  cardiac  stroke  volume  and  the  low  pressure  baroreceptors 

mediated  an  increase  in  the  vasodilation  threshold  T  (59).  Perhaps 

es 

such  factors  affected  not  only  the  vasodilation  threshold  T  and 

es 

maximal  forearm  blood  flow,  but  may  have  mediated  or  altered  the 
threshold  of  the  ventilatory  drive  mechanism(s)  in  anorectic  patients. 

During  exercise,  the  oxygen  uptake  for  a  given  level  of  exercise 
power  was  similar  in  both  the  control  and  anorectic  groups  (Table  6, 
Figure  9);  the  regression  lines  were  parallel  and  essentially  nondis- 
placed  when  standard  error  bars  were  drawn.  Direct  comparisons  between 
the  two  groups  could  not  be  made,  however,  since  the  anorectic  subjects 
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tended  to  cluster  at  the  lower  levels  of  power  output,  most  likely 
secondary  to  their  small  muscle  mass.  Fohlin,  et  al.  (26)  reported 
that  the  regression  line  describing  the  anorectic  patients  was  dis¬ 
placed  parallel  to  and  below  the  "normal",  i.e.,  trained,  physically 
fit  children.  The  authors  suggested  that  children  with  anorexia  ner¬ 
vosa  might  pedal  with  greater  mechanical  efficiency,  but  also  noted 
that  the  regression  line  was  equally  displaced  at  rest.  Fohlin,  et  al. 
again  neglected  to  correct  oxygen  uptake  for  body  weight;  if  they  had 
done  so,  they  would  have  found  the  relationship  between  VC^  and  power 
to  be  similar  in  both  groups  as  found  in  this  study,  and  they  could  not 
have  suggested  the  possibility  of  greater  mechanical  efficiency  in  the 
anorectic  group. 

Part  II:  Assessment  of  adipose  stores  by  two  methods 

Jackson  (39)  reported  that  assessment  of  adipose  stores  from  skin¬ 
fold  thickness  measurements  are  population-specific,  particularly  for 
age  and  body  composition.  The  largest  single  depot  of  adipose  tissue 
is  believed  to  be  subcutaneous,  probably  accounting  for  at  least  50%  of 
the  total  adipose  tissue;  other  large  depots  include  intra-abdominal, 
intra-  and  intermuscular.  The  thickness  of  subcutaneous  fat  differs 
according  to  region  and  individual  (43). 

During  starvation,  body  fat  stores  are  lost  before  protein 
(skeletal  muscle)  is  catabolized.  Bone,  kidney,  stomach,  small  intes¬ 
tine,  and  brain  are  relatively  spared  compared  to  fat  and  skeletal 
muscle.  In  addition,  mammary  glands  tend  to  be  spared  during  starvation 
and  a  "remarkable  preservation  of  breasts  in  some  cases  with  anorexia 
nervosa"  has  been  noted  (43). 
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Keys  and  Brozek,  et  al.  (43)  cited  a  study  in  which  concentration 
camp  victims  were  re-fed  and  were  noted  to  replace  fat  before  muscle 
mass,  so  that  they  reached  greater  than  pre-starvation  levels;  a 
decrease  in  fat  was  noted  after  33  weeks  post-semistarvation,  and  fat 
returned  to  normal  levels  at  58  weeks  post-semistarvation. 

The  mean  percent  body  fat  for  five  anorectic  patients  was  6.9%  by 
the  skinfold  thickness  method.  The  body  density  determination  predicted 
the  mean  percent  body  fat  to  be  11.8%.  The  difference  between  these 
two  means  was  statistically  significant  (0.02  <  p  <  0.05),  and  could  be 
attributed  to  inherent  errors  in  both  methods  for  predicting  percent 
body  fat. 

The  skinfold  thickness  method  does  not  account  for  the  "deeper" 
fat  deposits,  nor  does  it  measure  the  fat  amassed  in  breast  tissue  or  in 
the  gluteal  region.  Hence,  this  method  could  underestimate  the  percent 
body  fat.  However,  comparisons  between  this  method  and  body  density 
measurements  in  athletes  of  both  sexes  over  time  yielded  a  correlation 
coefficient  of  0.9762  and  a  standard  error  of  the  estimate  as  1.06%  (2). 
Variations  in  measurements  are  generally  avoided  by  having  a  single, 
experienced  observer  make  the  measurements. 

Higher  percent  body  fat  by  the  body  density  method  may  have  been 
predicted  secondary  to  buoyancy  of  adipose  tissue  from  the  breasts, 
gluteal  region,  and  intra-abdominal  tissues,  and  from  the  gas  volume 
present  in  the  gastrointestinal  tract.  The  volume  of  urine  and  feces 
can  also  affect  buoyancy.  The  effect  of  the  gas  volume  in  the  gastro¬ 
intestinal  tract  and  the  volume  of  urine  and  feces  were  minimized  by 
making  the  measurements  during  the  post-absorptive  state  and  after  the 
patients  voided. 
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The  patients  were  submerged  in  the  supine  position;  there  is  the 
possibility  that  maximal  expiration  could  not  be  achieved  in  this 
position.  If  so,  estimation  of  a  greater  percent  body  fat  than  exists 
would  reflect  the  increased  buoyancy  of  the  retained  gas  in  the  lungs. 
Another  possibility  is  that  skeletal  muscle  was  not  fully  replaced  in 
the  anorectic  patients.  During  starvation,  the  percent  dry  matter  in 
skeletal  muscle  is  decreased;  hence,  muscle  is  relatively  "waterlogged" 
(43).  This  would  decrease  the  specific  gravity  and  increase  the  pre¬ 
dicted  percent  body  fat.  This  must  be  considered  in  the  anorectic 
patients  since  they  were  in  the  recovery  phase  during  this  study. 

Other  body  composition  factors  which  could  have  affected  the  body 
density  determinations  include  state  of  hydration,  and  any  changes  in 
the  relative  mass  of  bone.  The  anorectic  patients  were  clinically 
euvolemic.  Klibanski,  et  al.  (45)  reported  decreased  bone  density  in 
women  with  hyperprolactinemic  amenorrhea,  but  found  no  significant 
correlation  between  serum  prolactin  concentration  and  bone  density 
(r  =  -0.27).  However,  they  did  find  that  patients  with  undetectable 
serum  estradiol  concentrations  (<  20  pg/ml)  had  significantly  lower 
bone  densities  compared  to  age-matched  controls  (p  <  0.001)  and  to 
patients  with  higher  (>  20  pg/ml)  serum  estradiol  concentrations  (p  < 
0.01).  Cann  (15)  reported  that  women  with  amenorrhea  secondary  to 
exercise  were  at  risk  for  developing  early  osteoporosis,  possibly  due 
to  decreased  body  fat  and  its  associated  decrease  in  estrone  and 
estradiol  levels.  Patients  with  anorexia  nervosa  have  normal  serum 
prolactin  and  lower  serum  estradiol  and  estrone  concentrations  (2).  A 
decrease  in  bone  density  could  result  in  anorectic  patients  with 
amenorrhea  (such  as  those  in  this  study)  secondary  to  decreased  body 
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fat  and  low  estrogen  levels.  A  decrease  in  bone  density  would  increase 
the  predicted  percent  body  fat  than  exists. 

Conclusions  concerning  the  validity  of  either  method  in  the 
assessment  of  adipose  stores  in  anorectic  patients  cannot  be  made  from 
this  study;  the  sample  size  is  inadequate.  It  is  interesting  to  note, 
however,  that  a  similar  discrepancy  was  encountered  in  measurements  of 
female  gymnasts,  but  not  in  other  athletes  (3).  The  skinfold  thickness 
method  is  recommended  for  the  assessment  of  adipose  stores  in  patients 
with  anorexia  nervosa,  keeping  in  mind  that  this  may  underestimate  the 
percent  body  fat  since  the  "deeper"  fat  deposits,  fat  amassed  in  breast 
tissue  or  in  the  gluteal  region  are  not  measured.  The  body  density 
method  may  be  less  accurate  because  of  the  gas  volume  present  in  the 
gastrointestinal  tract,  volume  of  urine  and  feces,  and  the  changes  in 
muscle  and  bone  mass  associated  with  starvation.  In  addition,  the  ease 
of  performing  the  skinfold  thickness  method  makes  it  attractive  for 
assessing  adipose  stores. 
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TABLE  A.  Thermal  and  circulatory  data  of  control  and  anorectic 
subjects  during  exercise 
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TABLE  5.  Metabolic  data  of  control  and  anorectic  subjects 
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TABLE  7.  Blood  chemistries  data 
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Fig.  1.  Modified  Monark  cycle  ergometer  (after  Bigland-Ritchie  (6)). 
Adjustments  in  the  tension  imposed  on  the  friction  band  around  the 
flywheel  of  the  ergometer  were  made  at  X,  and  registered  on  the  scale 
at  Y. 


Fig.  2.  Whitney  mercury-in-Silastic  strain  gauge,  used  in  measuring 
forearm  blood  flow  by  venous  occlusion  plethysomography . 
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Fig.  3.  Representative  plethysmographic  records  (patient  L.S.)  with 
tangents  fitted  to  estimate  forearm  blood  flow.  Time  moved  from  right 
to  left.  Artifacts  from  the  inflation  of  the  venous  occlusion  cuff 
were  seen  at  the  beginnings  of  the  tracings.  Time  represents  minutes 
of  exercise;  increases  in  slope  were  noted  with  increased  length  of 
exercise . 
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Fig.  5.  Underwater  weighing  apparatus  (after  Ricci  (63))  for  estimation 
of  specific  gravity.  A  subject  lay  on  a  frame  suspended  from  an  autopsy- 
type  scale.  The  frame  was  submerged  in  a  Hubbard  tank,  the  subject 
exhaled  completely,  and  the  weight  was  recorded. 
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Fig.  6.  Body  volume  plethysmograph  for  determination  of  residual  lung 
volume.  A  subject  sat  in  an  air-tight  box  and  breathed  through  a  mouth¬ 
piece.  As  the  subject  changed  volume,  this  volume  of  displaced  gas  was 
measured  with  a  spirometer. 


EXERCISE 


O 

o 


38.5 
38.0 

37.5 

37.0 

36.5 


i - l 


a> 

h” 


* 

O  ^ 

u-  E 


■D 

O 

O 

GQ 

E 

L. 

o 

0) 


O 

o 

c 

•  MM 

E 

\ 


o 

u. 


36.0 

35.5 

10.0 

8.0 

6.0 

4.0 

2.0 


J_ L 

10 


Time,  min 


Fig.  7.  Representative  data  (patient  L.S.)  of  esophageal  temperature  (T  ), 
mean  skin  temperature  (T  ,  )  and  forearm  blood  flow  relative  to  time  in  anS 
ambient  temperature  of  3§^C.  Exercise  intensity  was  between  40  and  50% 

VO^  max. 


20.0 


•  Controls  (n-5)  x  +  SE 
o  Anorectics  (n=5)  xiSE 


1  15.0 

O 

O 

7 

JO 

E 

I 

I  10.0 

li_ 

TJ 

O 

O 

CD 

E 

i_ 

D 

0) 

o  5.0 

Ll 


- 1 - 1 _ l _ l _ I _ I _ l _ I _ l _ I _ i  i  i  i  I 

36.5  37.0  37.5  38.0 

Esophageal  Temperature  (°C) 


Fig.  8.  Forearm  blood  flow  as  a  function  of  esophageal  temperature  (T  ) . 
Threshold  for  vasodilation  was  defined  as  the  at  which  forearm  blood 

—1  -1  es  n 

flow  is  3  ml*min  i*100  ml  L.  Ambient  temperature  was  33UC.  All  data 
points  were  averaged  for  mean  Tes  and  mean  BF  and  the  steady  state  Tes 
and  mean  BF  averaged  data  points  collected  during  the  last  5  minutes  of 
exercise . 
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fig*  9j2  0xygen  uptake  (V0„)  as  a  function  of  power  during  exercise  at  an  intensity  between  40  and  50% 
v°2  max  .  Ambient  temperature  was  33°C.  Standard  error  bars  are  drawn  around  the  means  of  each  group. 
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Fig.  10.  Forearm  blood  flow  as  a  function  of  esophageal  temperature  (Tes) 
with  data  from  normovolemic  and  hypovolemic  experiments  (59)  superimposed 
to  illustrate  the  similarities  in  the  vasodilation  threshold  Teg  and  BF:Teg 
relationship  between  the  anorectic  patients  and  hypovolemic  experiments. 
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